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For about 17 years the Friese Staby and Wetterhoun association has been dealing with unexplained mortality among Wetterhoun pups. The clinical signs and the results of the random tests that have been performed over the years show that the affected pups are immune deficient. The syndrome shows great resemblance with the syndrome known as Severe combined immunodeficiency (SCID).  
SCID refers to a group of genetic disorders which all lead to a failing immune system and often result in death during infancy. It is characterized by T- and B-lymphocyte dysfunction or absence. In 2002 SCID has been found in the Jack Russell terrier and in this breed it is caused by a mutation in the DNA-dependent protein kinase catalytic subunit gene (DNA-PKcs). This mutation leads to a faulty V(D)J recombination [1].  







Since 1992 there have been reports about an unexplained mortality among Wetterhoun pups. In affected litters about one in four pups is affected. The clinical signs first show at the age of seven to nine weeks. After a period of diarrhea, neurological signs develop and eventually, about two to three weeks later, the pup dies.
Over the years several diagnostic tests have been performed on affected and unaffected pups. The blood tests that were performed showed that affected pups lack immunoglobulins and the pathological examination of a dead affected pup showed signs of a failing immune system. The clinical signs and the test results lead to the conclusion that the affected pups are immune deficient and that the syndrome shows a great resemblance with the syndrome known as severe combined immunodeficiency.  

Severe combined immunodeficiency (SCID)
SCID refers to a group of genetic disorders which all lead to a failing immune system and often result in death during infancy.
There are several forms of SCID. Based on the mode of inheritance, the absence of different blood cells and the sensitivity to ionizing radiation a differentiation is made between the several forms [2]. The two major groups of SCID are: the X chromosome-linked forms and the autosomal recessive forms. 

In general, SCID is characterized by T- and B-lymphocyte dysfunction [3]. The Natural killer cells are usually present and functional, but in some forms of SCID they lack [2]. 
In the X chromosome-linked forms of SCID there are mature T- and B-lymphocytes, but the T-lymphocytes are not functional. Furthermore, serum levels of immunoglobulin M are normal, but the serum levels of immunoglobulin G and immunoglobulin A are significantly decreased [4]. In dogs, this form of SCID has been described in the Basset hound and the Cardigan Welsh Corgi. It is caused by a four base pair deletion in exon one, in the common gamma subunit (уc) of several cytokine receptors (IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21) [4].
 
In the autosomal recessive forms of SCID there are no mature T- and B-lymphocytes present and immunoglobulin levels are severely decreased [4, 5]. Recently an autosomal recessive form of SCID has been found in the Jack Russell terriers. A faulty V(D)J recombination is in the Jack Russell terriers the molecular defect and is caused by a mutation in the DNA-dependent protein kinase catalytic subunit (DNA-PKcs) gene [6]. The mutation that was found is a single nucleotide substitution (G with T) which generates a stop codon. This results in a premature termination of DNA-PKcs, 517 amino acids before the normal C terminus [1]. 

V(D)J recombination
T- lymphocytes recognize a foreign antigen through their specialized T- cell receptors. B-lymphocytes produce immunoglobulins for the recognition of an antigen. Nearly any foreign substance can be recognized and targeted, because the T-cell receptors and immunoglobulins have highly polymorphic antigen-recognition regions. To be able to produce these polymorphic antigen-recognition regions the different gene segments (the variable (V), diversity (D) and joining (J) segments), from which the regions are composed, need to be rearranged before they can be expressed. This is done by a process called V(D)J rearrangement [7, 8].

The first step of V(D)J rearrangement is the recognition of the recombination signal sequences (RSS) by recombination-activating gene 1 (RAG1) protein and recombination-activating gene 2 (RAG2) protein (see also figure 1). The RAG1 and RAG2 complexes cause two DNA double-strand breaks, through which four DNA ends arise. Of these four DNA-ends, the coding ends have covalently sealed hair pinned ends and the signal ends have blunt, 5’phosphorylated ends. 






Due to the fact that, the immune system depends on the V(D)J recombination for the production of the polymorphic antigen-recognitions regions in immunoglobulins and T-cell receptors, it can be considered a critical point in the development of the immune system. A defect in any of the components involved in the V(D)J recombination leads to a faulty recombination. Which results in an arrest in de maturation of T- and B-lymphocytes in the prolymphocyte stage and consequently leads to SCID [6, 8]. 

In the Wetterhoun, the pups that were affected in the past were both male and female, so the X chromosome-linked forms of SCID are excluded.






Materials and Methods 
Animals 
During the research period three litters (A, B and C) of Wetterhoun pups were born. All these pups (ten male and eight female in total), the mothers, a half sister of litter B and one of the grandfathers of litter C were included in the research.
Based on the clinical symptoms the pups presented with, two pups (both female) in litter A and on pup (male) in litter C were considered affected. These pups were all euthanized. The other pups (in litter A: two female and one male, in litter B: four female and three male and in litter C: five male) were considered not affected. 
To determine the descent of the animals a pedigree, based on information provided by the Friese Staby and Wetterhoun association, was made. 
A pathological examination and histological evaluation were performed of the two affected pups of litter A.
Blood tests
Blood was collected from each dog and stored in EDTA tubes. On the blood of the pups and the mothers of litters B and C, a complete blood cell count was performed, the hematocrit was determined and a differentiation of the leucocytes was made with an ADVIA 120 (Bayer).  
The levels of immunoglobulin A, immunoglobulin M, immunoglobulin G1 and immunoglobulin G2 in the blood of all the pups, mothers, the grandfather of litter C and the half sister of litter A, were determent by immune electrophoresis.  
Flow cytometry (​http:​/​​/​www.google.nl​/​search?hl=en&sa=X&oi=spell&resnum=1&ct=result&cd=1&q=flow+cytometry&spell=1​) was preformed on the blood of one of the affected pups of litter A. 
Partial DNA-PKcs gene sequencing
DNA was isolated from the blood of each dog according to Miller et al [11].
To investigate if the mutation found in the Jack Russell terrier DNA-PKcs gene is also present in the DNA-PKcs gene of the Wetterhoun, the chosen primers were based on the research preformed on the Jack Russell terrier [1].
The primers that were used are:  
Forward (Fw): 5’GGC-AAA-AAA-CCC-TGT-TAA-TAA-AAA-A’3
Reverse (Rv): 5’ACC-TGA-ATA-AAC-CTC-CTT-CTG’3
With these primers a polymerase chain reaction (PCR) was performed on the DNA of the pups and the mother of litter A. To 2,5 µl gDNA (10ng/µl), 22,5 µl PCR mixed was added which consisted of 1,25 µl MgCl2 (50 mM), 2,5 µl 10x PCR Buffer, 5,0 µl dNTP’s (1mM), 1,25 µl forward primer (10 µM), 1,25 µl reverse primer (10 µM) and 11,05 µl milliQ. The PCR program that was used is: step one: 95°C for 5 minutes, step two: 35 cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds and step three 72°C for 10 minutes. 
Next a second PCR was done on the PCR product. For this second PCR 1 µl of 10 times diluted PCR product was used and added to this was 1 µl Terminator ready reaction mix, 1µl forward or reverse primer (3,2 µM), 2 µl 5x Sequence buffer, 5 µl milliQ. The following PCR program: 25 cycles of 96 °C for 30 seconds, 50 °C for 15 seconds and 60 °C for 2 minutes was used. This was followed by a sephadex purification, which was performed on the samples using a multiscreen 96-filtration plate. The samples were analyzed with an ABI Prism 3130xl Genetic Analyzer. The collected data was further analyzed with the computer software Seqman and the DNA sequence was compared with the DNA sequence and of a healthy Jack Russell terrier and that of a Jack Russell with SCID [1].
Genes
For the investigation of the different genes, microsatellite markers were chosen with DOGSET (http://www.vgl.ucdavis.edu/dogset/ (​http:​/​​/​www.vgl.ucdavis.edu​/​dogset​/​​)) based on the various locations of the different genes. These locations were determined with Ensemble Genome Browser (http://www.ensemble.org/index.html). After choosing the microsatellite markers, appropriated primers were selected with DOGSET as well. For the primers that were used see table one. 


Tabel 1, Oligonucleotides of DNA markers used for linkage analysis. 
Marker	Forward primera	Reverse primerb	Tmc	∆distanced
DNA-PKcs (29_003A_CT)	5’CAAAATGGCACTCACCTGAAA’3	5’CCTCCTTAACCTCCTCCTCTCC’3	55°C	0 kbe
DNA-PKcs(29_003B_CT)	5’TGCTTCCTTCACTGGGCTTT’3	5’TTTCAAACTGGTTGCCTTGG’3	55°C	42,23 kb after DNA-PKcs
RAG1 and RAG2 (18_034A_CT)	5’TGAGGAATGAGGGGAAAGGA’3	5’CTCTTTCTTGGGCCCTCTTG’3	55°C	69,73 kb for RAG1
RAG 1 and RAG 2 (18_034E_CA)	5’CCCTGTTGCAATGAGGACAA’3	5’GAGCACCAAGGACACCAAAA’3	55°C	110,09 kb after RAG2
RAG1 and RAG2(18_034C_CA)	5’TGCGTTTGCAGCTCAGAAAT’3	5’AATAGTTGTGGGGCCTGTGG’3	55°C	101,67 kb for RAG1
RAG1 and RAG 2(18_034F_CA)	5’ACCTGGGGAATGACAGTGA’3	5’GCTCCCTCGTTCAGGAGCTA’3	55°C	151,77 kb after RAG2
RAG1 and RAG 2 (18_034B_CA)	5’GCCAGCAGCCTTACCTCCTA’3	5’GGCATCTTGCAATTCTTCTGG’3	55°C	209,07 kb for RAG1
RAG1 and RAG 2 (18_034G_CA)	5’CGAGGCCATAACATCAGCTC’3	5’GCTGCACAGTGTCTACCCCATC’3	55°C	160,43 kb after RAG2
RAG1 and RAG2(18_033B_CT)	5’TGAGGCTTTAACGAAGAAGGTC’3	5’TGGCTTGTAGCATCATTGGAA’3	61.7°C	731,37 kb for RAG1
RAG1 and RAG2(18_034A_TAAA)	5’GCTTTCCAGGCACCAAAAAC’3	5’CTCATTCTGGCTCGGTTGTG’3	61.7°C	640,53 kb for RAG1
Ku70(10_026B_CA)	5’CAGCAACTGCCTCAGCAAAC’3	5’TGCACAAACTGTGACAGATGC’3	55°C	40,44 kb for Ku70
Ku70(10_026D_CT)	5’TGTTCTTGGGGTTAGATGAGCA’3	5’CAGCATCTAAGGTGAGCACTGA’3	55°C	38,00 kb for Ku70
Ku70(10_027A_CA)	5’CGTAGACTATAGGGGGCTCAA’3	5’GAAAATTGCATTAGCTGGATCA’3	55°C	681,79 kb after Ku70
Ku80(37_026A_CT)	5’TGAAGGGAGGGGCTAATTCA’3	5’GAGGGCTTCCCTCCTTCTGT’3	55°C	685,14 kb after Ku80
Ku80(37_026A_CA)	5’AACAAGGAGGGACTGGAGGA’3	5’GGGACCAAACCAACCTTCAA’3	55°C	102,81 kb after Ku80
Artemis(02_024B_CT)	5’GTGGCTCCCCCTG-ATGATAA’3	5’ATGAGGCTCCTCTGGCTCTG’3	55°C	0 kbe
DNA ligase IV(22_060A_CA)	5’TCTTGTTTTCCGG-GGTTTGT’3 	5’AAGGGGAGCTGGTTCTTTGG’3	55°C	64,64 kb after DNA ligase IV
XRCC4(03_027C_CA)	5’TGACACACAGCATGCATGAAA’3	5’CAGATGTGAGCTGATGCCTTC’3	55°C	0 kbe
a. The oligonucleotides mentioned are without the M13 tail 
b. The oligonucleotides mentioned are without the A tail 
c. The annealing temperatures that were used for the different primers
d. The distance between the gene and the marker
e. The marker is situated in the gene

A PCR was done on the DNA of the pups and the DNA of the mothers. The DNA-PKcs primers were used on the DNA of all the pups and mothers. The other primers were used only on the DNA of the pups of litter A and C, the mothers of these litters and the grandfather of litter C. 

For this PCR the mix contained: 2,5 µl 10x PCR Buffer Gold, 2,5 µl MgCl2 Gold (25mM), 5,0 µl dNTP’s (1mM), 1,25 µl forward primer (1µM), 1,25 µl reverse primer (10µM), 1,25 µl M13-primer (10µM), 0,25 µl Amplitaq and 8,5 milliQ. The mix was added to 2,5 µl gDNA. For the primer sets of DNA-PKcs (29_003A_CT and 29_003B_CT), Ku70 (10_026B_CA), Ku80 (37_026A_CA), and Artemis (02_024B_CT) M13-primer HEX was used and for the other primer sets M13-primer FAM. The same PCR program as was used for the partial sequencing the DNA-PKcs gene was used (see above), except for the primer sets: RAG1 and RAG2 (18_033B_CT) and RAG1 and RAG2 (18_034A_TAAA). For these primers sets we used an annealing temperature of 61.7 °C

A mix was made of two µl of the PCR product of the Ku80 (37_026A_CA) primers, two µl of the PCR product of DNA-ligase (22_060A_CA) primers and 16 µl milliQ. The same was done with the PCR products of the Ku70 (10_026B_CA) primers with the products of the RAG (18_034A_CT) primers and the PCR products of the Artemis (02_024B_CT) primers with the products of the RAG (18_034E_CA) primers. Then an LIZ-500 marker was diluted 100 times in formamide and 10 µl of this dilution was added to 1 µl of each mix. 
The PCR products of the other primers were not mixed. To 1 µl of each product, 10 µl LIZ-500 formamide dilution was added. 

The samples were then placed in an ABI Prism 3130xl Genetic Analyzer for gene mapping. The data was then further analyzed with the computer program Gene Mapper. 







Here only a summary of the results of the blood tests and pathological examination will be given, for the complete blood test and pathological results see the research report of F. Wempe. 

Most of the pups and the mothers have a normal amount of white blood cells, but in litter B three of the pups have an increased amount of white blood cells and also an increased amount of lymphocytes. In litter C, the affected pup (C5, see figure 2)) has a severe decreased amount of lymphocytes. 

Immune electrophoresis showed that the majority of the pups have decreased levels or no detectable levels of immunoglobulin A, immunoglobulin M, immunoglobulin G1 and immunoglobulin G2, but all the not affected pups do have some immunoglobulins. 
The levels of immunoglobulin A, immunoglobulin M and immunoglobulin G1 of the affected pups are not detectable. In pup A3 (see figure 2) the level of immunoglobulin G2 is also not detectable. In the other two affected pups A4 (see figure 2) and C5 the level of immunoglobulin G2 is severely decreased.      
The mothers of litter A and B and the half sister of litter B have normal levels of immunoglobulins. The mother of litter C has normal levels of immunoglobulin G1 and immunoglobulin G2, but an increased level of immunoglobulin M and a decreased level of immunoglobulin A. 

By flow cytometry (​http:​/​​/​www.google.nl​/​search?hl=en&sa=X&oi=spell&resnum=1&ct=result&cd=1&q=flow+cytometry&spell=1​) it was established that the T- and B-lymphocytes are absent. This finding is confirmed by the differentiation of a blood smear made of the blood of this affected pup.  
Pathological examination
In both pups the thymus and the cortex of the lymph nodes are hypoplastic and in the thymus the Hassall’s bodies are absent. In the spleen the white pulp shows aphasia. 
In addition, the pups both have multi focal subacute to chronic histiocytic myocarditis and hepatitis. 
The found anomalies are consistent with a combined immunodeficiency. 
Inheritance 
The three litters have common ancestors and ancestors which are probably carriers of SCID. The carriers are assumed to be carriers because in the past they have had litters in which pups have supposedly died of SCID (see figure 2 A, B and C). Litter A and C also have ancestors that are from litters were pups have supposedly died of SCID. We considered pups to be affected by SCID if they showed the phenotype: showing the clinical signs (diarrhea, neurological signs) before the age of 9 weeks, having no detectable immunoglobulins, lacking T- and B-lymphocytes and if they eventually die before 16 weeks of age.


















Fig.2 Pedigrees of litter A, litter B and litter C 
DNA-PKcs mutation
By partially sequencing the DNA-PKcs gene of the Wetterhoun it was investigated if the mutation found in Jack Russells with SCID is also present in Wetterhoun pups with SCID. 
In the DNA-PKcs gene of the Wetterhoun pups with SCID the mutation, found in Jack Russell terriers with SCID, was not found. The DNA sequence of the Wetterhoun DNA-PKcs gene is identical to the normal sequence of the Jack Russell DNA-PKcs gene and not to the DNA sequence of the Jack Russell DNA-PKcs gene with the mutation (see figure 2). 

Genes
The involvement of all candidate genes was investigated by linkage analysis with microsatellite markers and for each marker the LOD-score was calculated (for the LOD-scores see table 2).

The marker DNA-PKcs (29_003A_CT) is polymorph in litter B, but monomorph in litter A and C and is therefore not informative for SCID.
The other DNA-PKcs marker, DNA-PKcs (29_003B_CT) is polymorph in litter A, but doesn’t show linkage to SCID because the two affected siblings of litter A each have a different set of alleles. One pup is homozygous with two alleles with a length of 354 base pairs (bp) and the other pup is heterozygous with one allele with a length of 354 bp and one with a length of 348 bp (see table 1 of appendix 1). 

All the animals are homozygous for the markers RAG1 and RAG2 (18_034A_CT) and RAG 1, RAG 2 (18_034E_CA), RAG1 and RAG2 (18_034C_CA) and RAG1 and RAG 2 (18_034B_CA). Therefore these markers are not informative. 
Markers RAG1 and RAG 2 (18_034F_CA) and RAG1 and RAG 2 (18_034G_CA) are polymorph and all three affected pups are homozygous, but there are also not affected pups that are homozygous (see table 2 of appendix 1). Remarkable is that the animals that are heterozygous for maker RAG1 and RAG2 (18_034F_CA) are also heterozygous for marker RAG1 and RAG2 (18_034G_CA). Except for the grandfather of litter C, he is heterozygous for maker RAG1 and RAG2 (18_034F_ CA) and homozygous for marker RAG1 and RAG2 (18_034G_CA).  These markers might show some linkage to SCID in litter A, but they are not very informative. 
Only the grandfather of litter C is heterozygous for the markers RAG1 and RAG2 (18_033B_CT) and RAG1 and RAG2 (18_034A_TAAA). All the other animals are homozygous, so these markers are not informative for SCID. 

The marker Ku70 (10_026B_CA) is monomorph; all the animals have the same allele length, so this marker is not informative.  
The second marker for Ku 70, marker Ku70 (10_026D_CT) is monomorph in litter A, but polymorph in litter C. All three the effected pups are homozygous, but there are also not affected pups homozygous (see table 3 of appendix 1). 
The third marker for Ku70, marker (10_027A_CA), is polymorph in both litter A and litter C. This marker doesn’t show linkage to SCID, because all three affected animals are heterozygous with allele lengths of 373 bp and 383 bp (see 3 of appendix 1). 

Marker Ku80 (37_026A_CT) is polymorph; there are three different allele lengths (see table 4 of appendix 1). However this marker was doesn’t show linkage to SCID because the allele lengths of the two affected siblings of litter A are not identical. One pup is homozygous with two alleles with a length of 417 bp and the other pup is heterozygous and has one allele of 417 bp and one of 419 bp in length. 
The marker Ku80 (37_026A_CA) is polymorph. One of the affected pups of litter A is heterozygous with one allele of 361 bp and one allele of 381 bp in length, the other affected pup in litter A is homozygous with two alleles with a length of 361 bp (see also table 4 of appendix 1). This marker therefore doesn’t show linkage to SCID. 

For the marker Artemis (02_024B_CT) there are four different allele lengths (see table 5 of appendix 1). The two affected siblings of litter A have different allele sets, namely one pup is heterozygous with one allele of 403 bp in length and one allele of 406 bp, the other pup is homozygous with two alleles of a length of 403 bp. 

The marker DNA ligase IV (22_060A_CA) is polymorph, with four different allele lengths (see table 6 of appendix 1). One of the affected pups in litter A is homozygous and has two alleles of 337 bp. The other affected pup is heterozygous and has one allele of 330 bp and one allele of 337 bp. Since the two affected siblings don’t have the same allele sets, this marker doesn’t show linkage to SCID. 

Marker XRCC4 (03_027C_CA) is polymorph but shows no linkage to SCID, because one of the affected pups of litter A is heterozygous with one allele with a length of 212 bp and one of 219 bp in length (see table 7 of appendix 1). All the other animals are homozygous. 

Table 2, the LOD-scores of the investigated microsatellite markers.
Marker	LOD-score with recombination fraction 0	LOD-score with recombination fraction 0.02
DNA-PKcs (29_003B_CT)	- infinity	- 0.72
RAG1 and RAG 2 (18_034F_CA)	0.64	
RAG1 and RAG 2 (18_034G_CA)	0.57	
Ku70 (10_026B_CA)	0.17	












Based on the results of the blood tests, the pathological examination and the histological evaluation it can be concluded that the affected pups are suffering from SCID. This is not caused by the same mutation in the DNA-PKcs gene that causes SCID in the Jack Russell terrier. 
The results of the linkage analysis that was done with microsatellite markers lead to the conclusion that it is highly unlikely that the genes: DNA PKcs, KU70, KU80, Artemis, DNA Ligase IV and XRCC4 are involved in SCID in the Wetterhoun. 





So far autosomal recessive forms of SCID have been described in humans, mice, Arabian Horses and in Jack Russell terriers. In mice, Arabian Horses and the Jack Russell terriers it has been established that the molecular defect that causes SCID is a defective V(D)J recombination, which is the result of mutations in the DNA-PKcs gene [6]. 

In mice a single nucleotide substitution in the DNA-PKcs gene leads to a premature stop codon. In some cases, SCID mice suffer from “leaky” SCID. “Leaky” means that these mice are able to produce some immunoglobulins and lymphocytes with T-Cell markers. The precise molecular basis for “leaky” SCID is not known. 
A five-base pair deletion in the DNA-PKcs gene, resulting in a frameshift mutation and premature stop codon is the cause of SCID in Arabian horses [4]. 
Recently it was established that in the Jack Russell terriers a single nucleotide substitution in the DNA-PKcs gene, which generates a stop codon, results in SCID [1]. 

Since in all three species the cause of SCID is a mutation in the DNA-PKcs gene, this gene seemed to be a good candidate gene for being the defective factor which causes SCID in the Wetterhoun. For this reason we decided to investigate this gene and first focused on the mutation found in the Jack Russell terriers [1]. This, because the Jack Russell terrier was the only other dog breed in which an autosomal form of SCID was described [3] .

Furthermore in all three species the molecular defect that causes SCID is a faulty V(D)J recombination [6] . DNA-PKcs is involved in the V(D)J recombination but there are seven other genes (RAG 1, RAG2, KU70, KU80, Artemis, DNA Ligase IV and XRCC4) also involved in the V(D)J recombination. A mutation in any of these genes would lead to a faulty V(D)J recombination and thus SCID [9, 12]. All these genes were therefore also good candidates for being the defective factor which causes SCID in the Wetterhoun and because of this we decided to investigate all of them. 

The results of this research lead to the conclusion that besides the Jack Russell terriers there is another dog breed with an autosomal recessive form of SCID, the Wetterhoun. It was also established that in this breed, contrary to the Jack Russell terriers, mice and Arabian horses, the underlying genetic defect is not in the DNA-PKcs gene. 
In animals there are no additional molecular defects and spontaneous mutations known that cause SCID. Therefore the next step in the research of SCID in the Wetterhoun would be to look further at other mutations and molecular defects that are known to cause SCID in humans. 

In humans there are many genetic defects know to cause SCID.  DNA-PKcs didn’t seem to play a role in SCID in humans, but in 2009 a missense mutation in the DNA-PKcs gene was found in a human patient with radiosensitive SCID (RS-SCID). Now the DNA-PKcs gene is a new candidate for being the defective factor in human RS-SCID [13].  
Presently most cases of SCID in humans are caused by mutations in IL-2RG. This form of SCID is X-linked. The second most common cause of SCID in humans is an adenosine deaminase deficiency and the third most common cause of SCID in humans is IL-7Rα-chain deficiency. In some cases the molecular defect and therefore also the genetic defect remains unknown [14].
Based on the presence or absence of B-lymphocytes only, the cases of human SCID can be divided in to two groups: in 70% of the cases the patient lacks T-lymphocytes but does have B-lymphocytes (T-B+SCID) and in 30% of the cases the patient lacks both T- and B-lymphocytes (T-B-SCID). Of the cases of T-B- SCID, 70 % has a defect in the RAG1 and RAG2 genes [13]. 
All of the genes known to cause SCID in humans are in theory good candidate genes for being involved in SCID in the Wetterhoun, but some of these genes are better candidates than others for reasons that will be explained below. 

In this study we concluded that of all the genes that are involved in V(D)J recombination; DNA PKcs, KU70, KU80, Artemis, DNA Ligase IV and XRCC4 are highly unlikely to be involved in SCID in the Wetterhoun. About the genes RAG 1and RAG 2 we could not conclude the same, so a faulty V(D)J recombination could still be the molecular defect that causes SCID in the Wetterhoun and the genes RAG1 and RAG2 remain good candidate genes for being the cause of SCID in the Wetterhoun. If we then also consider the high frequency of RAG1 and RAG2 mutations in human T-B-SCID cases, the form of SCID we established the Wetterhoun pups to suffer from, the RAG1 and RAG2 genes could be considered even better candidate genes. 

It is therefore very recommendable to investigate the genes RAG1 and RAG2 more. This could possibly be done with additional microsatellite markers. However we already tested eight different markers and only two of them are partially informative. This fact makes us wonder if maybe all the animals are highly alike in this region of the genome because of the extensive amount of inbreeding and that finding a fully informative marker for this reason is not possible. 
We calculated that with this dataset, if two highly informative markers are found, the maximum LOD-score would be: 2,4. Since a LOD-score of 3 would be considered to prove a marker is linked to a specific disease and because of the possibility that, because of inbreeding, finding a good informative marker is difficult, it seems that further research with microsatellite markers isn’t the best option. A better alternative for investigating the genes RAG1 and RAG2 is DNA sequence analysis of both genes and looking for a mutation that is homozygous for the same allele in the affected pups.

Another possible gene that would be interesting to look at is the gene ADA. A mutation in this gene causes adenosine deaminase deficiency, the second most common cause of SCID in humans. In humans, about 33 % of autosomal recessive forms of SCID are the result of an adenosine deaminase deficiency. In this form of SCID the patient lacks both T- and B-lymphocytes and also natural killer cells. It is a systemic metabolic disorder, with severe disturbances in the purine metabolism. Adenosine and 2’-deoxyadenosine, which are adenosine deaminase substrates, are elevated in the plasma. The elevated substrates possibly have a pro-apoptotic effect on the T- and B-lymphocytes, resulting in lymphopenia. Research done on mice showed that there is apoptosis in the thymus, but not in the lymph nodes or spleen. In the peripheral blood these mice have a normal distribution of T-lymphocytes. However the function of these T-lymphocytes is disturbed; they have an abnormal expression of cell surface markers and the activation of these cells is different from normal T-cells [15].    
There are four different phenotypes seen in humans; SCID, delayed onset (diagnosis between one and ten years of age), late onset (diagnosis after 25 years of age) and partial onset (normal immune function). In some adenosine deaminase deficiency patients there are also non-immunological symptoms, namely; costochondral abnormalities (50%), transaminasemia, failure to thrive, hepatic abnormalities and neurological abnormalities [16]. 
Since the symptoms of adenosine deaminase deficiency in humans and mice are different from the symptoms the affected Wetterhoun pups are showing, we didn’t include adenosine deaminase deficiency in our study. However given that in humans it is relatively often a cause of autosomal recessive SCID and that in some cases the symptoms are similar, it could be a good option for further research. The first step would be investigating if the affected Wetterhoun pups lack natural killer cells and determine the activity of the adenosine deaminase enzyme. Followed by the investigation of the ADA gene.  

A genome wide scan also is a good option for further research. However for this it seems reasonable to wait for more affected pups being born to include in the research, to make the genome wide scan more specific and reliable. 

In humans not all genetic defects that cause SCID are known, there are still cases in which the genetic cause is not found [14]. Finding the genetic defect that causes SCID in the Wetterhoun could perhaps lead to the discovery of a new mutation in a known gene or an entirely new gene that causes SCID in humans. For this reason it is important to continue the research on SCID in the Wetterhoun. 
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Table 1: DNA-PKcs (29_003A_CT) (a) and DNA-PKcs (29_003B_CT)(b)











Litter B6	Not affected	No result				X	
Litter B7	Not affected	X	X			X	












Table 2: RAG1 and RAG 2 (18_034F_CA) (c) and RAG1 and RAG 2 (18_034G_CA) (d)












Litter C mother	Not affected	X		X		X	X
Litter CGrandfather	Not affected		X	X			X

Table 3: Ku70 (10_026D_CT) (e) and Ku70 (10_027A_CA) (f)












Litter C mother	Not affected	X			X		X




Table 4: Ku 80 (37_026A_CT) (g) and Ku80 (37_026A_CA) (h) 












Litter C mother	Not affected			X		X		
Litter C grandfather	Not affected	X		X		X		

Table 5: Artemis (02_024B_CT) 





Litter A mother	Not affected		X	
Litter C1	Not affected	No result		
Litter C2	Not affected		X	




Litter C mother	Not affected		X	




Table 6: DNA Ligase IV (22_060A_CA) 












Litter C mother	Not affected			X	
Litter C grandfather	Not affected	X		X	











Litter C4	Not affected	No result	
Litter C5	Affected		X
Litter C6	Not affected		X
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